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Historically, the thalamushas been viewedas littlemore than a relay, simply transferring information to keyplayers of the cast, the cortex
and hippocampus, without providing any unique functional contribution. In recent years, evidence frommultiple laboratories research-
ing different thalamic nuclei has contradicted this idea of the thalamus as a passive structure. Dated models of thalamic functions are
being pushed aside, revealing a greater and far more complex contribution of the thalamus for cognition. In this Viewpoints article, we
showhow recent data support novel views of thalamic functions that emphasize integrative roles in cognition, ranging from learning and
memory to flexible adaption.We propose that these apparently separate cognitive functionsmay indeed be supported by amore general
role in shaping mental representations. Several features of thalamocortical circuits are consistent with this suggested role, and we
highlight how divergent and convergent thalamocortical and corticothalamic pathways may complement each other to support these
functions. Furthermore, the role of the thalamus for subcortical integration is highlighted as a key mechanism for maintaining and
updating representations. Finally, we discuss future areas of research and stress the importance of incorporating new experimental
findings into existing knowledge to continue developing thalamicmodels. The presence of thalamic pathology in a number of neurolog-
ical conditions reinforces the need to better understand the role of this region in cognition.
Introduction
For over half a century, learning and memory have been inti-
mately associated with the hippocampal formation, often leaving
the functional contribution of other brain regions overlooked.
However, the thalamus also has a long-standing link to memory.
Indeed, damage within this region invariably occurs in Korsakoff
syndrome, one of the key symptoms of which is a dense amnesia
(Kopelman et al., 2009). The co-occurring diencephalic damage
in this condition was noted as early as the end of the 19th century
(Gudden, 1896), with a more explicit link between diencephalic
damage and memory subsequently made by Gamper (1928).
However, it was not until later in the 20th century that these brain
regions began to gain further interest, by which time there was
already awidespread focus on themedial temporal lobe formem-
ory function, following the reports of Patient H.M. (Delay and
Brion, 1969; Victor et al., 1971; Scoville andMilner, 2000). Thus,
although the severity of memory impairments is often largely
comparable between temporal lobe and diencephalic amnesia
(e.g., Hunkin et al., 1994; Shaw and Aggleton, 1995; Caulo et al.,
2005), the role of the thalamus, and the diencephalon in general,
has largely been disregarded. In a similar vein, the neural bases of
reasoning, thought, and cognition are generally considered to be
supported by the cortex, the prefrontal cortex (PFC) in particular
(Donoso et al., 2014), with little, if any, role for subcortical areas.
Thus, in terms of cognition, the thalamus has typically been
viewed as a supporting member of the cast that acts simply as a
relay for the main players (i.e., the hippocampus and the neocor-
tex). Within these models, the thalamus has taken on a passive
role, simply transferring information without providing any
unique contribution to the system. In recent years, however, ev-
idence has emerged that contradicts this idea of a passive relay
and highlights a central role for the thalamus in cognition.
There are inherent difficulties in attempting to generate global
models of thalamic functions because the thalamus is not a uni-
tary structure. It comprises a large number of nuclei, each with
different anatomical connectivity and functional properties. The
idea of the thalamus as a heterogeneous structure with only a
small number of nuclei supporting the canonical sensory-motor
relay function was first established by the pioneering work of
Guillery and Sherman (Sherman and Guillery, 1996). These au-
thors further developed their model over the years, proposing a
dichotomy of thalamic functions based primarily on the main
type of afferents received by thalamic nuclei (for a comprehensive
perspective of this work and of the major contribution of Ray
Guillery, who sadly passed away last year, see Murray Sherman,
2018). Those nuclei receiving driver input (i.e., capable of directly
eliciting neuronal activity) from the cortex are called higher-
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order nuclei and are thought to actively participate in cortical
functioning (Sherman, 2016). In contrast, thalamic nuclei receiv-
ing driver input from subcortical regions are considered first-
order thalamic nuclei (i.e., textbook relay thalamic nuclei). Other
researchers characterized some thalamic nuclei as limbic on the
basis of their connectivity with the cingulate cortex and their
contribution to cognition rather than purely sensory-motor pro-
cesses (Vogt and Gabriel, 1993). Both higher-order and limbic
thalamic nuclei appear necessary for cognition (Vogt and Ga-
briel, 1993; Varela, 2014), but neither classification includes all
nuclei that support this role; therefore, from a behavioral per-
spective, the term “cognitive thalamus”more accurately captures
the essence of those thalamic nuclei that primarily support cog-
nitive functions.
In this Viewpoints article, we will describe a revised model of
the thalamus wherein, instead ofmerely acting as relays, thalamic
nuclei contribute to cortical functioning and higher-order cog-
nition, ranging from learning andmemory to flexible adaptation.
We will discuss the possibility that these apparently separate cog-
nitive functions may indeed be supported by a more general role
of the thalamus in maintaining and updating mental representa-
tions. The anterior thalamic nuclei (ATn) and the mediodorsal
thalamus (MD) will serve as the main examples to illustrate this
view. Given that extensive reviews of these thalamic nuclei are
available (Bradfield et al., 2013a; Jankowski et al., 2013; Aggleton
and Nelson, 2015; Dillingham et al., 2015a; Mitchell, 2015;Wolff
et al., 2015a; Ouhaz et al., 2018; Pergola et al., 2018), our aim is
not to give a detailed analysis of these areas but to highlight gen-
eral functional principles that may transcend specific nuclei and
so be relevant for the cognitive thalamus as a whole. We will also
consider the role of corticothalamic versus thalamocortical pro-
jections and the integration of thalamocortical loops with other
cortical and subcortical networks. In doing so, we hope to pro-
vide a general overview of the current state of knowledge and to
identify areas where future research is needed.
The cognitive thalamus
Learning and memory
Memory was probably the first cognitive function formally asso-
ciated with the thalamus. Both the ATn and MD have been im-
plicated in the memory impairments associated with the
Korsakoff syndrome (Victor et al., 1971;Harding et al., 2000), but
their individual contributions to learning and memory appear
quite different (Bradfield et al., 2013a;Mitchell, 2015;Wolff et al.,
2015a). Indeed, it had been proposed that a double dissociation
existed between ATn and MD functions, with ATn supporting
recollectivememory andMDsupporting familiarity-basedmem-
ory (Aggleton and Brown, 1999). Although recent data suggest
that this model does not entirely capture the mnemonic contri-
bution of the MD (Danet et al., 2017), experimental manipula-
tions in rodents have established clear distinctions between the
types of memory processes supported by these different thalamic
regions (Bradfield et al., 2013a; Wolff et al., 2015a).
ATn lesions in rodents produce striking impairments across
spatial memory tasks, with the severity of deficit often compara-
ble with that seen following hippocampal lesions (Warburton
and Aggleton, 1999; Aggleton and Nelson, 2015). Impairments
are found on reference and working memory, as well as path
integration tasks (Warburton et al., 1997; Warburton and Aggle-
ton, 1999; Frohardt et al., 2006). Thus, ATn lesions appear to
disrupt the processing of environmental cues and the updating
andmonitoring of the animal’s position within the environment.
These spatial impairments are consistent with the electrophysio-
logical properties of the ATn, as this structure contains a number
of spatially responsive cells encoding information, such as orien-
tation, spatial location, and running speed (Taube, 1995; Tsanov
et al., 2011b; Jankowski et al., 2015; Laurens et al., 2016). In
contrast, the recognition of single items does not appear to re-
quire the ATn, although the ATn may be important for reducing
interference between multiple similar items (Law and Smith,
2012; Nelson and Vann, 2017). Furthermore, ATn lesion-
induced impairments are found when animals are required to
combine itemmemorywith additional features, such as temporal
order and location (Parker and Gaffan, 1997; Wilton et al., 2001;
Wolff et al., 2006; Dumont and Aggleton, 2013; Nelson and
Vann, 2014). While a similar pattern of deficits can be found
following MD lesions (Cross et al., 2012) MD lesions also impair
the ability to discriminate the temporal order of two items,
whereas temporal order memory impairments following ATn
lesions only emerge when multiple items are used (Mitchell and
Dalrymple-Alford, 2005; Nelson and Vann, 2017).
Although MD lesions can disrupt performance on spatial
memory tasks, this does not appear to arise from impairments of
spatial memory per se, but rather from impairments of strategic
aspects of the task (Hunt and Aggleton, 1998a). There is an on-
going assumption that MD is particularly important for working
memory because of its connections with the PFC (Watanabe and
Funahashi, 2012; Funahashi, 2013; Halassa and Kastner, 2017;
Parnaudeau et al., 2018) and because delay-dependent cells are
found in the primate MD (Funahashi, 2013). Cells displaying
delay-dependent activity have also been found in the rodentMD,
but the findings are far more variable with some studies showing
activity at delays comparable with cells within the dorsomedial
PFC (dmPFC) (Bolkan et al., 2017) and others showing no delay
activity (Han et al., 2013; Miller et al., 2017). AlthoughMD dam-
age in primates disrupts workingmemory, these deficits aremost
often found in combination with other memory or executive
deficits, suggesting that working memory itself may not be spe-
cifically compromised (Watanabe and Funahashi, 2012; Baxter,
2013). In rodents, data fromdelayed nonmatching-to-place tasks
(i.e., spatial alternation) bring little support for the idea that the
MDcontributes toworkingmemory. This task takes advantage of
rodents’ natural tendency to search in novel locations for food
and requires rats to alternate between arms of a T-shaped maze,
often for a reward. Although this behavioral task appears simple,
it indeed relies on multiple cognitive processes and can be solved
using several different strategies (Dudchenko, 2001). Deficits can
thus reflect poor spatial memory, but several other factors can
also affect performance, including impulsivity, motivation,
reward-response associations, and interference sensitivity.When
impaired performance is observed after MD damage, it has often
been reported as transient or nonspecific (Stokes and Best, 1990;
Hunt and Aggleton, 1991, 1998a; Alexinsky, 2001; Chauveau et
al., 2005). Importantly, several experiments performed in differ-
ent laboratories found delayed nonmatching-to-place perfor-
mance to be unaffected after thalamic damage, even when
damage was substantial and long delays were included (Neave et
al., 1993; Hunt and Aggleton, 1998b; Mitchell and Dalrymple-
Alford, 2005; Alcaraz et al., 2016b). Experimental data support-
ing the opposite view (i.e., a role for the MD in delayed
nonmatching-to-place), mostly come from recent chemogenetic
and optogenetic interventions conducted in mice in which im-
pairments were found at longer delays (Parnaudeau et al., 2013;
Bolkan et al., 2017), as well as during the acquisition of the
nonmatching-to-place task (Parnaudeau et al., 2013). The appar-
ent discrepancy between these findings and earlier studies may
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arise for a number of reasons. The most pronounced impair-
ments in these mouse studies are found during longer delays in
well-trained animals and thus might reflect impairments in ad-
ditional factors, such as impulsivity. The specificity of viral spread
within the thalamus may also be an issue in mice, and potential
encroachment into adjacent thalamic nuclei, such as the ATn,
could contribute to the findings (Hunt and Aggleton, 1998b;
Mitchell and Chakraborty, 2013; Aggleton and Nelson, 2015;
Wolff et al., 2015a), given that damage to the ATn, but not MD,
severely impairs spatial working memory (Alcaraz et al., 2016b).
Together, the overall picture appears to be that MD is not neces-
sary for working memory but may contribute to additional as-
pects of task performance, such as delay monitoring or habit
formation when animals are overtrained.
Shaping mental representations
Decades ago, Tolman (1948) coined the term “cognitive map” to
refer to a highly organized knowledge database that allows flexi-
ble actions. Cognitive maps can be considered mental represen-
tations requiring the combination of external cues with internal
states to generate accurate depictions of general rules and/or as-
sociative laws. These representations are vital for animals to suc-
cessfully interact with the world (Ramos, 2014). Although it is
possible to dissociate thalamic nuclei on the basis of their distinct
cognitive functions (Mitchell and Dalrymple-Alford, 2005, 2006;
Wolff et al., 2008b, 2015a, b; Bradfield et al., 2013a;Moreau et al.,
2013), this does not contradict the idea of an overall involvement
of the cognitive thalamus in shaping mental representations. For
instance, while the ATn and theMDbelong to distinct functional
circuits, they are both considered important for directing atten-
tion to task-relevant behavioral features (Wolff et al., 2015b;
Wright et al., 2015), which is required to build task-relevantmen-
tal constructs. Moreover, thalamic damage often impairs mem-
ory acquisition, suggesting further that forming meaningful
representation requires thalamic integrity (Cermak et al., 1980;
Vann and Aggleton, 2003; Wolff et al., 2008b; Marchand et al.,
2014; Sweeney-Reed et al., 2014).
Even after initial learning is established, the thalamus contin-
ues to play an important role, possibly bymonitoring and updat-
ing current information within a changing environment. For
example, ATn damage appears to be particularly detrimental
when elements of flexibility are required to solve ongoing chal-
lenges: the ability to reach a previously learned position from a
new start is disproportionally impaired by ATn lesions (Wolff et
al., 2008a), as is spatial alternation when the animal is released
from opposite arms for sample and test trials (Warburton et al.,
1997; Loukavenko et al., 2007, 2016). A common feature of these
experimental situations is that animalsmust track changes in task
demands and update their current frame of reference accordingly
to maintain successful performance. The
MD also appears to be particularly impor-
tant when successful performance re-
quires the update of action-outcome or
stimulus-outcome associations, as shown
in rodents (Corbit et al., 2003; Ostlund
and Balleine, 2008; Bradfield et al., 2013a;
Parnaudeau et al., 2015; Alcaraz et al.,
2016b, 2018) and also in primates (Mitch-
ell et al., 2007; Izquierdo andMurray, 2010;
Browning et al., 2015; Chakraborty et al.,
2016;Wicker et al., 2018).
Together, these data highlight a role
for thalamic nuclei in monitoring, main-
taining, and updating mental constructs,
in contrast to previous views, which have emphasized the domi-
nant role of cortical areas (Wilson et al., 2010, 2014;Markov et al.,
2013). Increasing evidence indicates instead that close functional
interactions between cortical and thalamic areas are essential to
shape these representations to address ongoing challenges (Cross
et al., 2012; Parnaudeau et al., 2013; Browning et al., 2015; Bolkan
et al., 2017; Miller et al., 2017; Schmitt et al., 2017; Alcaraz et al.,
2018; Marton et al., 2018). To better understand the nature of
these interactions, it is necessary to consider specific features of
the organization of thalamocortical circuits.
The thalamocortical loop
One hallmark of thalamocortical circuits is the reciprocity of pro-
jections between cortical and thalamic areas. This has been
viewed as “reentry,” a process whereby two ormore brain regions
concurrently stimulate, and are stimulated by, each other. This
reciprocal and parallel processing supports the synchronization
of neuronal firing required for rapid neural integration. The
binding of activity across a number of regions is thought to un-
derpin the conscious processing of stimuli, which is necessary to
form a unified mental construct (e.g., a scene or visual represen-
tation) (Tononi andEdelman, 1998; Tononi et al., 1998; Edelman
andGally, 2013). As a result of recent technical advances, it is now
possible to selectively target projection-defined neurons, which
has opened up new possibilities in assessing the functional role of
thalamocortical versus corticothalamic pathways. Two recent
studies have used this approach and have shown that reciprocal
pathways between MD and the dmPFC can be functionally dif-
ferentiated (Bolkan et al., 2017; Alcaraz et al., 2018). Thus,
thalamocortical and corticothalamic pathwaysmay play comple-
mentary but dissociable roles in cognition. Unlike thalamocorti-
cal projections, which are mostly ipsilateral, corticothalamic
projections also provide substantial contralateral innervation at
the thalamic level (Preuss andGoldman-Rakic, 1987; Ne´gyessy et
al., 1998; Bradfield et al., 2013a; Mathiasen et al., 2017). These
projections include collaterals to the reticular thalamic nucleus,
which in turn provides lateral inhibition for virtually any tha-
lamic nucleus (Pinault, 2004; Halassa and Acsa´dy, 2016) (Fig. 1).
The functional relevance of this organization is discussed below.
Corticothalamic pathways: directing cognitive resources
A cardinal feature of higher-order thalamic nuclei is that they
receive both a modulatory input and a driver input from the
cortex (from layers 6 and 5, respectively) (Usrey and Sherman,
2018). This organization suggests important functional roles for
corticofugal pathways, possibly implementing additional and in-
direct corticocortical routes through the thalamus (Jones, 1998;
Sherman, 2005, 2012). This view is, however, largely speculative
Figure 1. Different degrees of complexity for thalamocortical architecture. Basically defined as the reciprocal projections be-
tweenprefrontal and thalamic areas (A), the thalamocortical loop includes an additional layer constituted by the reticular thalamic
nucleus (TRN, B). This area is one of the main sources of thalamic inhibition. Both thalamocortical and corticothalamic pathways
send collaterals to the TRN. In addition, the TRN sends supplemental inhibitory projections to other thalamic nuclei (C), not
included in the actual loop, thus opening this loop, which may allow gating of specific thalamocortical inputs (see also Fig. 3).
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and mostly derived from neurophysiological studies of sensory-
motor functions (Sherman, 2016). But even sensorymechanisms
can contribute to cognition: they may be viewed as enabling ab-
straction of relevant information, thus helping to represent the
external world in a meaningful way (Cudeiro and Sillito, 2006).
Branching of thalamocortical pathways at the level of the reticu-
lar thalamic nucleus may enable the gating of salient thalamic
inputs by minimizing the importance of those that are currently
irrelevant (McCormick and von Krosigk, 1992; Zikopoulos and
Barbas, 2007; Stillova et al., 2015), thus providing a possible
mechanismof focused attention (Be´huret et al., 2015;Wimmer et
al., 2015). This view is rooted in the ideas initially developed by
Crick (1984) of the reticular thalamic nucleus acting as an
attentional searchlight. Interestingly, increased modulation of
corticothalamic pathways has been found to parallel increased
attentional demand in humans (Jagtap andDiwadkar, 2016). The
dynamic nature of the excitatory-inhibitory balance at the tha-
lamic level depends on current behavioral demand, with critical
dependence on corticothalamic pathways and their collaterals to
the reticular thalamic nucleus (Crandall et al., 2015; Li andEbner,
2016). It is thus possible that cortical projections to the thalamus
directly adjust the gain and the tuning precision of thalamic cells
as required by ongoing behavioral demands (Mease et al., 2014;
Guo et al., 2017a).
Beyond their role in directing attentional resources, cortico-
cothalamic pathways have also been linked to processes under-
pinning learning. For example, direct evidence for a causal
involvement of corticothalamic pathways in learning has been
reported in an appetitive Pavlovian conditioning task. Optoge-
netic manipulation of the projections from PFC to the paraven-
tricular thalamic nucleus during task acquisition affected the
conditioned response, highlighting a role for this pathway in the
encoding of predictive environmental cues (Otis et al., 2017).
Furthermore, dmPFC-to-MDpathways have been demonstrated
to support upcoming choice either in a spatial working memory
task (Bolkan et al., 2017) or when the retrieval of current goal
value is required for successful responding (Alcaraz et al., 2018).
Importantly, these corticothalamic pathways also promote be-
havioral flexibility (Nakayama et al., 2018), especially when rule
switching is required (Marton et al., 2018). Collectively, these
data suggest a central role for corticothalamic pathways in cogni-
tion, and their functional relevance seems to range fromdirecting
attention to solving cognitive challenges.
Thalamocortical pathways: more than a relay
Central to almost all definitions of thalamic function is the con-
cept that this region is a “relay.” Even those nuclei that are con-
sidered to have a more cognitive role are still considered to be
principally involved in relaying information either between cor-
tical sites or between medial temporal lobe and neocortex. This
description of thalamic function attributes little or no additional
role for these nuclei other than acting as a waystation. However,
this clearly underestimates and oversimplifies the role of the thal-
amus. The idea of thalamic regions monitoring and updating
information and providing an active contribution rather than a
passive relay is not in fact new. TheMDwas previously suggested
to be involved in mediating cognitive aspects of odor-guided
tasks rather than transmitting sensory information (Eichenbaum
et al., 1980). The latter possibility was considered because theMD
links the piriform cortex (the primary olfactory cortex) with the
orbitofrontal associative cortex (Courtiol andWilson, 2015). But
even when using an odor-guided behavioral assay, it appears that
task-related features, rather than purely sensory information, are
represented by MD cells (Courtiol and Wilson, 2016).
More recently, other evidence has emerged that also supports
the idea of nonrelay contributions of the thalamus. For example,
Schmitt et al. (2017) recently showed that the MD is able to
sustain cortical representations rather than relaying information.
These data emphasize a role for the thalamus in controlling cor-
tical connectivity to maintain rule representation (Halassa and
Kastner, 2017; Nakajima and Halassa, 2017). A causal relation-
ship between MD-PFC activity and social dominance behavior
was also recently established, underscoring further the impor-
tance of thalamic inputs for cortical functions (Zhou et al., 2017).
It should be noted that the importance of sustained thalamocor-
tical activity during delay has been observed to instruct future
actions in other thalamocortical circuits (Guo et al., 2017b), sug-
gesting that sustaining cortical activity may constitute an essen-
tial role of thalamic inputs.
Like the MD, the ATn does not passively relay information.
Instead these nuclei show long-term, input-dependentmodifica-
tion of their responses, which can amplify the convergent inputs
from different sources (Tsanov et al., 2011a). Behavioral data are
also consistent with a nonrelay function for the ATn: the behav-
ioral effects of ATn lesions can be more pronounced than lesions
disrupting any of their individual inputs (e.g., Aggleton et al.,
1995;Warburton and Aggleton, 1999; Sziklas and Petrides, 2000;
Wright et al., 2015; Powell et al., 2017), suggesting that no single
pathway supports all cognitive aspects of ATn function. There-
fore, it is unlikely that the ATn is a simple relay in the traditional
sense, but instead integrates information from midbrain, dien-
cephalic, hippocampal, and cortical regions (Tsanov et al., 2011a;
Vann and Nelson, 2015; Mathiasen et al., 2017). This view is also
supported by numerous studies showing the importance of ATn
inputs for driving activity in their cortical target, the retrosplenial
cortex. In rodents, ATn lesions disrupt a number of markers of
activity in the retrosplenial cortex (Dupire et al., 2013; Mendez-
Lopez et al., 2013; Aggleton and Nelson, 2015). Furthermore, the
retrosplenial cortex is hypoactive in patients with thalamic damage
(Reed et al., 2003). Importantly, retrosplenial cortex activity changes
are not simply a result of deafferentation (Garden et al., 2009; Vann
and Albasser, 2009; Frizzati et al., 2016), but likely reflect the loss of
functional coupling between the ATn and retrosplenial cortex. In-
deed, the close functional correspondence between the ATn,
hippocampus, and retrosplenial cortex highlights the possible im-
portance of the thalamus in synchronizing activity across multiple
regions (Corcoran et al., 2016; Eichenbaum,2017;Halassa andKast-
ner, 2017). Indeed, this function may be paramount for its role in
updating existing representations.
Beyond the thalamocortical loop
At this point, it seems appropriate to expand more broadly our
views of thalamic functions, looking beyond the thalamocortical
loop.How exactly do these loops integrate with other cortical and
subcortical circuits?
Cortical integration
Thalamocortical projections are both divergent and convergent
(Rubio-Garrido et al., 2009). This feature of thalamocortical ar-
chitecture provides an ideal basis for integration both within and
across cortical regions (Fig. 2). Keeping with the example of the
MD, several parallel thalamocortical pathways originate in MD
and target distinct prefrontal areas (Groenewegen, 1988; Alcaraz
et al., 2016a). In rodents, there is a clear topography as lateral MD
neurons innervate the dorsal wall of the PFCwhilemedialMDneu-
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rons predominantly contact its ventral wall. In contrast, MD cells
located in the central segment essentially innervate the orbito-
frontal cortex (OFC) (Alcaraz et al., 2016a; Murphy and Deutch,
2018). In addition to this distinct topography across MD, indi-
vidual MD neurons also innervate several PFC regions, with col-
laterals contacting multiple cortical layers (Kuramoto et al.,
2017b). Together, this illustrates the highly divergent nature of
these thalamocortical projections.
By targeting different cell types and different neuronal com-
partments (Delevich et al., 2015; Collins et al., 2018), theMD can
influence varying aspects of PFC functioning. For example, the
MD projections to the dmPFC and the OFC have been proposed
to support instrumental and Pavlovian associations, respectively
(Ostlund and Balleine, 2008; Alcaraz et al., 2016a). An intriguing
possibility is that such organization enables simultaneous in-
struction of distinct cortical areas through different pathways,
further highlighting themultiple thalamicmicrocircuits thatmay
act in parallel to support cognition (Rikhye et al., 2018).
Moving onto convergence, cortical regions are typically inner-
vated by more than one thalamic nucleus. The PFC receives af-
ferent projections from a large number of thalamic nuclei,
including the intralaminar, midline, and anterior nuclei (Barbas
et al., 1991). Taking the OFC as an example, the main thalamic
efferents to the OFC originate from the MD and the much-less-
known submedius thalamic nucleus (Yoshida et al., 1992; Alcaraz
et al., 2016a; Kuramoto et al., 2017a). At present, the functional
relevance of this type of organization is unclear, although both
thalamic nuclei appear to support successful updating of
stimulus-outcome associations, a cardinal function of the OFC
(Ostlund and Balleine, 2008; Alcaraz et al., 2015). At a cellular
level, however, it is not known whether the inputs fromMD and
the submedius thalamic nucleus actually converge on single cor-
tical neurons. Convergence onto a single cortical cell could ac-
count for the synergistic amplification of signals, which may be
particularly important for accentuating behaviorally relevant
environmental features. The more general process of neuronal
convergence would encourage the integration of different in-
formation streams, enabling the development of more de-
tailed multisensory mental representations (Man et al., 2013).
Disentangling the functional contribution of diverging and
converging thalamic inputs will be an important objective for
future research, especially considering that these features of
thalamocortical organization appear to be largely conserved be-
tween species (Padberg et al., 2009).
Subcortical integration
While interactions between the thalamus and cortex are critical
for cognition, there is increasing evidence that thalamic nuclei
may also have a role in integrating subcor-
tical information. The ATn receives in-
puts from the hippocampal formation
directly, mainly via the fornix (Dilling-
ham et al., 2015b), as well as indirectly, via
the mammillary bodies. However, this
does not result in redundancy or a repli-
cation of information because the inputs
are from distinct hippocampal popula-
tions (Amin et al., 2010; Christiansen et
al., 2016), suggesting that the ATn may
have a role in combining these separate
hippocampal inputs. Projections from the
mammillary bodies predominantly act as
drivers to the ATn, whereas the cortical/
hippocampal inputs have a modulatory
role, specifically in the case of the anterodorsal nucleus (Somogyi
et al., 1978; Petrof and Sherman, 2009). Consistent with this dis-
tinction between inputs, direct hippocampal inputs to the ATn
elicit long-term depression, whereas the projections from the
mammillary bodies elicit long-term potentiation (Tsanov et al.,
2011a).
In addition to being a convergence point for separate hip-
pocampal inputs, the ATn receives direct and indirect inputs
from the midbrain tegmentum. The direct cholinergic input
arises from the laterodorsal tegmental nucleus, whereas the indi-
rect inputs come from the dorsal and ventral tegmental nuclei of
Gudden. These midbrain inputs appear crucial for learning and
memory (Mitchell et al., 2002; Taube, 2007; Vann, 2009; Clark et
al., 2013; Vann, 2013), and the indirect inputs are critical for the
head-direction and theta signals found in the ATn (Satoh and
Fibiger, 1986; Bassant and Poindessous-Jazat, 2001; Kocsis et al.,
2001; Bassett et al., 2007; Zakowski et al., 2017).
Other thalamic nuclei also exhibit a close partnership with
subcortical areas, especially the striatum. The dorsal striatum is
the recipient of a strong glutamatergic innervation originating
from both the centro-median/parafascicular complex and the in-
tralaminar group (Galvan and Smith, 2011). These thalamic
groups are crucial for the role of the basal ganglia (BG) role in
behavioral flexibility; they provide behaviorally relevant infor-
mation and have been linked to goal-directed action selection in
both rodents and humans (Brown et al., 2010; Kato et al., 2011;
Liebermann et al., 2013; Schepers et al., 2017; Kato et al., 2018).
For instance, removal of the parafascicular nucleus (Pf) in rats
disrupted goal-directed behaviors by preventing rats fromupdat-
ing action-outcome associations (Bradfield et al., 2013b). Impor-
tantly, this manipulation was also found to reduce intrinsic
activity of striatal cholinergic interneurons specifically, suggest-
ing the existence of a direct link between behavioral flexibility and
Pf inputs to these striatal cholinergic interneurons (Bradfield et
al., 2013b; Yamanaka et al., 2018). Using cross-unilateral lesions
of the Pf and striatum, Bradfield and Balleine (2017) showed that
the impairment in updating action-outcome associations was
due to an inability to use internal state to access the appropriate
associations; in contrast, the use of external context to control
accurate goal-directed action selection remained intact (Brad-
field and Balleine, 2017). Lack of flexibility after inhibition of this
thalamostriatal pathway is also evident in other paradigms, such
as the five-choice serial reaction time task (Saund et al., 2017).
These findings further highlight the importance of the thalamus
in monitoring and updating mental representations in response
to changing circumstances.
Figure 2. In addition to the reciprocity of projections, divergence (A) and convergence (B) are two prominent features of
thalamocortical organization.Whereas the former underscores the possibility thatmultiple thalamicmicrocircuits act in parallel to
achieve cognitive functions, the latter offers enhanced integrative properties. Regarding convergence, MD innervation of the
dmPFC and the OFC originates from essentially separate neuronal populations (light blue), even though some MD cells branch to
several prefrontal areas. Sub, Submedius thalamic nucleus.
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This latter consideration certainly calls for a critical assess-
ment of how thalamocortical loops and the BG integrate. The
thalamostriatal projection described above has only been mini-
mally featured in classic models of BG functioning (Bostan and
Strick, 2018). Instead, the emphasis has been on thalamic nuclei
as a motor output, even though this does not address the contri-
bution of thalamus-to-BGpathways (Goldberg et al., 2013). Such
a model is supported by the fact that the motor thalamus, that is,
the ventral anterior/ventral lateral thalamic areas, is one of the
main recipients of BG output. But even this admittedly motor
thalamic region has been shown to play a crucial role in perfor-
mance monitoring (Seifert et al., 2011; Ullsperger et al., 2014).
The other main thalamic recipient of BG projections is the
MD. This BG-MD pathway has also shown to be necessary for
higher-order cognition (Leung and Balleine, 2015). As a result, a
more integrative picture of the thalamus is now emerging, espe-
cially when considering the existence of multiple and interacting
cortico-BG-thalamo-cortical loops (Haber and Calzavara, 2009;
Bell and Shine, 2016). Interestingly, both corticostriatal and cor-
ticothalamic pathways were recently demonstrated to support
behavioral flexibility, whereas corticocortical pyramidal prefron-
tal neurons were not (Nakayama et al., 2018), further demon-
strating the key contribution of subcortical areas for high-order
cognition. Together, these data suggest a critical role for the thal-
amus in integrating subcortical as well as cortical inputs to sup-
port cognitive functions.
The thalamus: a bridge between the medial temporal lobe and
frontal cortex
To account for the myriad cognitive symptoms andmemory im-
pairments elicited by thalamic damage, an interesting early pro-
posal was that the thalamus acts as a link between the medial
temporal lobe and the frontal lobe (Warrington andWeiskrantz,
1982). Accordingly, disconnecting the hippocampal inputs to the
ATn impairs performance on spatial memory tasks (Warburton
et al., 2000). Furthermore, ATn damage in rodents and medial
diencephalic damage in patients reduce activity in the frontal
cortex (Kapur, 1994; Jenkins et al., 2002; Reed et al., 2003; Caulo
et al., 2005; Vann and Albasser, 2009; Ozyurt et al., 2014). How-
ever, ATn lesion effects are unlikely to be due to the disruption of
a one-way flow of information from the hippocampal formation
to the frontal cortex as originally suggested. Indeed, the impor-
tance of the return projections from the ATn to the hippocampus
has been recently highlighted (Vann and Nelson, 2015). For ex-
ample, memory elicited event-related potentials in the ATn have
been found to precede those in the hippocampus, suggesting a
flow of information from ATn to the hippocampus, rather than
the reverse (Stillova et al., 2015). The activity changes found in
the frontal cortex following thalamic damage may therefore re-
flect a role for ATn in coordinating and synchronizing activity
across hippocampal and cortical regions (Sweeney-Reed et al.,
2014).
TheMD could also be seen as link between themedial tempo-
ral lobe, as a recipient of projections originating from the BLA
(technically a medial temporal lobe structure), and the OFC
(Timbie and Barbas, 2015; Wolff et al., 2015a). It is therefore
interesting to note that lesions to either MD or the BLA produce
qualitatively different impairments when the contingency be-
tween predictive cues and their outcome is modified (Ostlund
and Balleine, 2008). In that study, rats were trained to respond to
two stimuli that reliably predicted a reward. Subsequently, one of
the stimuli became noncontingently paired with reward, whereas
the other remained a reliable predictor. After this manipulation,
rats with BLA lesions did not adapt their behavior and continued
to exhibit a positive conditioned response to both contingent and
noncontingent stimuli. In contrast, rats with MD lesions exhib-
ited a nonspecific effect with reduced responding to both the
noncontingent and contingent stimuli (i.e., they ceased to re-
spond to cues that still reliably predicted their outcome) (Ost-
lund and Balleine, 2008). This suggests that adaptive cognition
requires the functional contribution of multiple complementary
pathways. Further work is thus warranted to examine the func-
tional contribution of the connections between these areas and
their cortical target, the OFC.
The reuniens nucleus (Re) is another thalamic nucleus that
has recently receivedmuch attention due to its role in connecting
prefrontal and temporal lobe areas: it projects to multiple frontal
areas and is the main source of thalamic afferents to the hip-
pocampus. Because all of these projections are reciprocal, the Re
is thought to be a major hub, orchestrating functional exchanges
between frontal areas and the hippocampus, especially in the
absence of direct inputs from the PFC to the hippocampus (McK-
enna and Vertes, 2004; Vertes et al., 2006; Hoover and Vertes,
2012; Varela et al., 2014). Because of these unique properties, an
unusually large number of studies have been conducted recently
to assess the possible functions of these Re projections. There are
a number of excellent review papers available on the subject (Cas-
sel et al., 2013; Cassel and Pereira de Vasconcelos, 2015; Pereira
de Vasconcelos and Cassel, 2015; Vertes, 2015). Briefly, Re dys-
function affects contextual fear memory (Xu and Sudhof, 2013;
Vetere et al., 2017), impairs spatial memory consolidation (Lou-
reiro et al., 2012), either increases or decreases behavioral flexi-
bility (Cholvin et al., 2013; Linley et al., 2016; Prasad et al., 2017;
Viena et al., 2018), impedes goal-directed spatial navigation (Ito
et al., 2015), or delayed nonmatching-to-place (Hallock et al.,
2013, 2016; Viena et al., 2018), and even affects visual threat
responses (Salay et al., 2018). Given these diverse findings, con-
tinued research is needed before it is possible to generate global
functional models of this region. Nevertheless, an interesting
proposal, and a recurring theme across thalamic nuclei is that the
Re may be particularly important for synchronizing PFC and
hippocampal activity, facilitating functional exchanges between
these areas (Eichenbaum, 2017). The wide array of functions that
appear to be Re-dependent may therefore reflect the diverse na-
ture of the tasks that require functional cooperation between PFC
and hippocampal areas.
Future directions
At this point, it should be evident that cognitive functions are
supported by distributed neural circuits among which thalamic
nuclei play highly integrative roles. In this Viewpoints article, we
examined recent evidence implicating thalamic nuclei in high-
order cognitive functions and have attempted to highlight how
many of these new findings support aspects of early cognitive
views of thalamic functions (e.g., Warrington and Weiskrantz,
1982; Sherman and Guillery, 1996; Aggleton and Brown, 1999).
We therefore propose that a central role for the cognitive thala-
mus is to shape mental representations, either by maintaining
relevant mental constructs online or by updating those no longer
relevant for ongoing challenges (Fig. 3). This proposition builds
on many diverse experimental findings and focuses on general
thalamic functions rather than specific contributions of individ-
ual nuclei.
The thalamus has been increasingly implicated in neurologi-
cal disorders that present with cognitive dysfunction, including
schizophrenia (Pinault, 2011; Uhlhaas et al., 2013; Anticevic et
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al., 2014), drug addiction (Balleine et al., 2015), Korsakoff syn-
drome (Victor et al., 1971; Harding et al., 2000), Alzheimer’s
disease (Braak andBraak, 1991), andDown syndrome (Karlsen et
al., 2014; Perry et al., 2018). Therefore, new models of thalamic
functionmay better explain the pattern of deficits associatedwith
these conditions.
While we share the belief that thalamus research has entered a
new era and that virtually any brain region has a thalamic story to
tell (Acsa´dy, 2017), we also anticipate the danger of being over-
whelmed by data that may be difficult to replicate or to extend.
Relying on standardized behavioral assays may be key, as is in-
depth analysis of the literature. Technical developments progress
at a much higher rate than conceptual advances. The latter can
only be supported by a better analysis of how new data integrate
with the preexisting knowledge. In doing so, conceptual views
may be enriched, revised, or even drastically changed if novel
technical approaches are used to test some of their predictions.
As discussed at several points throughout this article, there are
areas of thalamic research where our current knowledge is woe-
fully lacking. Filling these missing gaps could prove invaluable in
testing and advancing currentmodels of thalamic function. First,
the functional relevance of divergent and convergent thalamo-
cortical or corticothalamic pathways needs to be addressed more
systematically. Until recently, this has been technically impossi-
ble due to methodological limitations. But by using a combina-
tion of chemogenetic and/or optogenetic approaches, it is now
possible to test the relative contributions of these separate path-
ways. There is no single, definitive experiment to address this
issue; instead, we believe the combined effort across multiple
laboratories will be essential to advancements in this area. Sec-
ond, although a large part of this Viewpoints article has empha-
sized functional interactions between the cortex and the
thalamus, we also highlighted the importance of the thalamus for
subcortical integration. There is a clear need for additional data
to better appreciate how the thalamus interacts with the BG and
other subcortical areas. Furthermore, the advances inmultisite in
vivo recordingswill help address the contribution of the thalamus
for coordinating and synchronizing brainwide activity. Finally,
work on the thalamus has been performed either by researchers
primarily interested in sensory-motor nuclei or by those inter-
ested in cognition. Surprisingly, these twoworlds have been quite
separate and relatively unaware of the progress made in the other
field.We believe in the potential of uniting efforts in promoting a
cognitive view of the thalamus, from sensory salience to adaptive
cognition.
References
Acsa´dy L (2017) The thalamic paradox. Nat Neurosci 20:901–902. CrossRef
Medline
Aggleton JP, Brown MW (1999) Episodic memory, amnesia, and the
hippocampal-anterior thalamic axis. Behav Brain Sci 22:425–444; discus-
sion 444–489. Medline
Aggleton JP, Nelson AJ (2015) Why do lesions in the rodent anterior tha-
lamic nuclei cause such severe spatial deficits? Neurosci Biobehav Rev
54:131–144. CrossRef Medline
Aggleton JP, Neave N, Nagle S, Hunt PR (1995) A comparison of the effects
of anterior thalamic, mamillary body and fornix lesions on reinforced
spatial alternation. Behav Brain Res 68:91–101. CrossRef Medline
Alcaraz F, Marchand AR, Vidal E, Guillou A, Fauge`re A, Coutureau E, Wolff
M (2015) Flexible use of predictive cues beyond the orbitofrontal cor-
tex: role of the submedius thalamic nucleus. J Neurosci 35:13183–13193.
CrossRef Medline
Alcaraz F, Marchand AR, Courtand G, Coutureau E, Wolff M (2016a) Par-
allel inputs from themediodorsal thalamus to the prefrontal cortex in the
rat. Eur J Neurosci 44:1972–1986. CrossRef Medline
Alcaraz F, Naneix F, Desfosses E, Marchand AR, Wolff M, Coutureau E
(2016b) Dissociable effects of anterior and mediodorsal thalamic lesions
on spatial goal-directed behavior. Brain Struct Funct 221:79–89.
CrossRef Medline
Alcaraz F, FresnoV,MarchandAR,Kremer EJ, Coutureau E,WolffM (2018)
Thalamocortical and corticothalamic pathways differentially contribute
to goal-directed behaviors in the rat. eLife 7:e32517. CrossRef Medline
Alexinsky T (2001) Differential effect of thalamic and cortical lesions on
memory systems in the rat. Behav Brain Res 122:175–191. CrossRef
Medline
Amin E, Wright N, Poirier GL, Thomas KL, Erichsen JT, Aggleton JP (2010)
Selective lamina dysregulation in granular retrosplenial cortex (area 29)
after anterior thalamic lesions: an in situ hybridization and trans-
neuronal tracing study in rats. Neuroscience 169:1255–1267. CrossRef
Medline
Anticevic A, Cole MW, Repovs G, Murray JD, BrumbaughMS,Winkler AM,
Savic A, Krystal JH, Pearlson GD, Glahn DC (2014) Characterizing
thalamo-cortical disturbances in schizophrenia and bipolar illness. Cereb
Cortex 24:3116–3130. CrossRef Medline
Balleine BW, Morris RW, Leung BK (2015) Thalamocortical integration of
instrumental learning and performance and their disintegration in addic-
tion. Brain Res 1628:104–116. CrossRef Medline
Barbas H, Henion TH, Dermon CR (1991) Diverse thalamic projections to
the prefrontal cortex in the rhesus monkey. J Comp Neurol 313:65–94.
CrossRef Medline
Bassant MH, Poindessous-Jazat F (2001) Ventral tegmental nucleus of
Gudden: a pontine hippocampal theta generator? Hippocampus 11:809–
813. CrossRef Medline
Bassett JP, Tullman ML, Taube JS (2007) Lesions of the tegmentomammil-
lary circuit in the head direction system disrupt the head direction signal
in the anterior thalamus. J Neurosci 27:7564–7577. CrossRef Medline
BaxterMG (2013) Mediodorsal thalamus and cognition in non-human pri-
mates. Front Syst Neurosci 7:38. CrossRef Medline
Be´huret S, Deleuze C, Bal T (2015) Corticothalamic synaptic noise as a
Figure 3. A, Divergence, convergence, and gating are essential functional principles of thalamocortical circuits. Divergent and convergent thalamocortical pathways may promote parallel
functioning and integrative processing at the cortical level, respectively. In addition, returning corticothalamic pathways are able to gate relevant thalamocortical inputs through lateral inhibition
at the level of the TRN. This architecture may contribute to the maintenance (B) or updating (C) of cortical representations. In the latter case, some mental constructs may no longer be relevant
(outlined in gray dashed line), whereas others becomemore prominent (blue solid arrows).
Wolff and Vann • Cognitive Thalamus as Gateway to Mental Representations J. Neurosci., January 2, 2019 • 39(1):3–14 • 9
mechanism for selective attention in thalamic neurons. Front Neural Cir-
cuits 9:80. CrossRef Medline
Bell PT, Shine JM (2016) Subcortical contributions to large-scale network
communication. Neurosci Biobehav Rev 71:313–322. CrossRef Medline
Bolkan SS, Stujenske JM, Parnaudeau S, Spellman TJ, Rauffenbart C, Abbas
AI, Harris AZ, Gordon JA, Kellendonk C (2017) Thalamic projections
sustain prefrontal activity during working memory maintenance. Nat
Neurosci 20:987–996. CrossRef Medline
Bostan AC, Strick PL (2018) The basal ganglia and the cerebellum: nodes in
an integrated network. Nat Rev Neurosci 19:338–350. CrossRef Medline
Braak H, Braak E (1991) Alzheimer’s disease affects limbic nuclei of the
thalamus. Acta Neuropathol 81:261–268. CrossRef Medline
Bradfield LA, Balleine BW (2017) Thalamic control of dorsomedial stria-
tum regulates internal state to guide goal-directed action selection. J Neu-
rosci 37:3721–3733. CrossRef Medline
Bradfield LA, Hart G, Balleine BW (2013a) The role of the anterior, medi-
odorsal, and parafascicular thalamus in instrumental conditioning. Front
Syst Neurosci 7:51. CrossRef Medline
Bradfield LA, Bertran-Gonzalez J, Chieng B, Balleine BW (2013b) The
thalamostriatal pathway and cholinergic control of goal-directed action:
interlacing new with existing learning in the striatum. Neuron 79:153–
166. CrossRef Medline
Brown HD, Baker PM, Ragozzino ME (2010) The parafascicular thalamic
nucleus concomitantly influences behavioral flexibility and dorsomedial
striatal acetylcholine output in rats. JNeurosci 30:14390–14398. CrossRef
Medline
Browning PG, Chakraborty S,Mitchell AS (2015) Evidence formediodorsal
thalamus and prefrontal cortex interactions during cognition in ma-
caques. Cereb Cortex 25:4519–4534. CrossRef Medline
Cassel JC, Pereira de Vasconcelos A (2015) Importance of the ventral mid-
line thalamus in driving hippocampal functions. Prog Brain Res 219:145–
161. CrossRef Medline
Cassel JC, Pereira de Vasconcelos A, Loureiro M, Cholvin T, Dalrymple-
Alford JC, Vertes RP (2013) The reuniens and rhomboid nuclei: neuro-
anatomy, electrophysiological characteristics and behavioral implications.
Prog Neurobiol 111:34–52. CrossRef Medline
Caulo M, Van Hecke J, Toma L, Ferretti A, Tartaro A, Colosimo C, Romani
GL, Uncini A (2005) Functional MRI study of diencephalic amnesia in
Wernicke-Korsakoff syndrome. Brain 128:1584–1594. CrossRef Medline
Cermak LS, Uhly B, Reale L (1980) Encoding specificity in the alcoholic
Korsakoff patient. Brain Lang 11:119–127. CrossRef Medline
Chakraborty S, Kolling N, Walton ME, Mitchell AS (2016) Critical role for
themediodorsal thalamus in permitting rapid reward-guided updating in
stochastic reward environments. eLife 5:e13588. CrossRef Medline
Chauveau F, Ce´le´rier A, Ognard R, Pierard C, Be´racoche´a D (2005) Effects
of ibotenic acid lesions of the mediodorsal thalamus on memory: rela-
tionship with emotional processes inmice. Behav Brain Res 156:215–223.
CrossRef Medline
Cholvin T, Loureiro M, Cassel R, Cosquer B, Geiger K, De Sa Nogueira D,
Raingard H, Robelin L, Kelche C, Pereira de Vasconcelos A, Cassel JC
(2013) The ventral midline thalamus contributes to strategy shifting in a
memory task requiring both prefrontal cortical and hippocampal func-
tions. J Neurosci 33:8772–8783. CrossRef Medline
Christiansen K, Dillingham CM, Wright NF, Saunders RC, Vann SD, Aggle-
ton JP (2016) Complementary subicular pathways to the anterior tha-
lamic nuclei and mammillary bodies in the rat and macaque monkey
brain. Eur J Neurosci 43:1044–1061. CrossRef Medline
Clark BJ, Rice JP, Akers KG, Candelaria-Cook FT, Taube JS, Hamilton DA
(2013) Lesions of the dorsal tegmental nuclei disrupt control of naviga-
tion by distal landmarks in cued, directional, and place variants of the
Morris Water Task. Behav Neurosci 127:566–581. CrossRef Medline
Collins DP, Anastasiades PG, Marlin JJ, Carter AG (2018) Reciprocal cir-
cuits linking the prefrontal cortex with dorsal and ventral thalamic nuclei.
Neuron 98:366–379.e4. CrossRef Medline
Corbit LH, Muir JL, Balleine BW (2003) Lesions of mediodorsal thalamus
and anterior thalamic nuclei produce dissociable effects on instrumental
conditioning in rats. Eur J Neurosci 18:1286–1294. CrossRef Medline
Corcoran KA, Frick BJ, Radulovic J, Kay LM (2016) Analysis of coherent
activity between retrosplenial cortex, hippocampus, thalamus, and ante-
rior cingulate cortex during retrieval of recent and remote context fear
memory. Neurobiol Learn Mem 127:93–101. CrossRef Medline
Courtiol E, Wilson DA (2015) The olfactory thalamus: unanswered ques-
tions about the role of the mediodorsal thalamic nucleus in olfaction.
Front Neural Circuits 9:49. CrossRef Medline
Courtiol E,WilsonDA (2016) Neural representation of odor-guided behav-
ior in the rat olfactory thalamus. J Neurosci 36:5946–5960. CrossRef
Medline
Crandall SR, Cruikshank SJ, Connors BW (2015) A corticothalamic switch:
controlling the thalamus with dynamic synapses. Neuron 86:768–782.
CrossRef Medline
Crick F (1984) Function of the thalamic reticular complex: the searchlight
hypothesis. Proc Natl Acad Sci U S A 81:4586–4590. CrossRef Medline
Cross L, BrownMW, Aggleton JP,Warburton EC (2012) Themedial dorsal
thalamic nucleus and the medial prefrontal cortex of the rat function
together to support associative recognition and recency but not item rec-
ognition. Learn Mem 20:41–50. CrossRef Medline
Cudeiro J, Sillito AM (2006) Looking back: corticothalamic feedback and
early visual processing. Trends Neurosci 29:298–306. CrossRef Medline
Danet L, Pariente J, Eustache P, RaposoN, Sibon I, Albucher JF, Bonneville F,
Pe´ran P, Barbeau EJ (2017) Medial thalamic stroke and its impact on
familiarity and recollection. eLife 6:e28141. CrossRef Medline
Delay J, Brion S (1969) Le Syndrome de Korsakoff. Paris: Masson.
Delevich K, Tucciarone J, Huang ZJ, Li B (2015) Themediodorsal thalamus
drives feedforward inhibition in the anterior cingulate cortex via parval-
bumin interneurons. J Neurosci 35:5743–5753. CrossRef Medline
Dillingham CM, Frizzati A, Nelson AJ, Vann SD (2015a) How domammil-
lary body inputs contribute to anterior thalamic function? Neurosci
Biobehav Rev 54:108–119. CrossRef Medline
Dillingham CM, Erichsen JT, O’Mara SM, Aggleton JP, Vann SD (2015b)
Fornical and nonfornical projections from the rat hippocampal forma-
tion to the anterior thalamic nuclei. Hippocampus 25:977–992. CrossRef
Medline
Donoso M, Collins AG, Koechlin E (2014) Human cognition: foundations
of human reasoning in the prefrontal cortex. Science 344:1481–1486.
CrossRef Medline
Dudchenko PA (2001) How do animals actually solve the T maze? Behav
Neurosci 115:850–860. CrossRef Medline
Dumont JR, Aggleton JP (2013) Dissociation of recognition and recency
memory judgments after anterior thalamic nuclei lesions in rats. Behav
Neurosci 127:415–431. CrossRef Medline
Dupire A, Kant P,Mons N,Marchand AR, Coutureau E, Dalrymple-Alford J,
Wolff M (2013) A role for anterior thalamic nuclei in affective cogni-
tion: interaction with environmental conditions. Hippocampus 23:392–
404. CrossRef Medline
Edelman GM, Gally JA (2013) Reentry: a key mechanism for integration of
brain function. Front Integr Neurosci 7:63. CrossRef Medline
Eichenbaum H (2017) Prefrontal-hippocampal interactions in episodic
memory. Nat Rev Neurosci 18:547–558. CrossRef Medline
Eichenbaum H, Shedlack KJ, Eckmann KW (1980) Thalamocortical mech-
anisms in odor-guided behavior: I. Effects of lesions of the mediodorsal
thalamic nucleus and frontal cortex on olfactory discrimination in the rat.
Brain Behav Evol 17:255–275. CrossRef Medline
Frizzati A,MilczarekMM, Sengpiel F, Thomas KL, DillinghamCM, Vann SD
(2016) Comparable reduction in Zif268 levels and cytochrome oxidase
activity in the retrosplenial cortex following mammillothalamic tract le-
sions. Neuroscience 330:39–49. CrossRef Medline
Frohardt RJ, Bassett JP, Taube JS (2006) Path integration and lesions within
the head direction cell circuit: comparison between the roles of the an-
terodorsal thalamus and dorsal tegmental nucleus. Behav Neurosci 120:
135–149. CrossRef Medline
Funahashi S (2013) Thalamic mediodorsal nucleus and its participation in
spatial working memory processes: comparison with the prefrontal cor-
tex. Front Syst Neurosci 7:36. CrossRef Medline
Galvan A, Smith Y (2011) The primate thalamostriatal systems: anatomical
organization, functional roles and possible involvement in Parkinson’s
disease. Basal Ganglia 1:179–189. CrossRef Medline
Gamper E (1928) Zur frage der polioencephalitis der chronischen alko-
holiker. anatomische befunde beim chronischem korsakow und ihre
beziehungen zumklinischen bild.DeutscheZNervenheilkd 102:122–129.
CrossRef
Garden DL, Massey PV, Caruana DA, Johnson B, Warburton EC, Aggleton
JP, Bashir ZI (2009) Anterior thalamic lesions stop synaptic plasticity in
retrosplenial cortex slices: expanding the pathology of diencephalic am-
nesia. Brain 132:1847–1857. CrossRef Medline
10 • J. Neurosci., January 2, 2019 • 39(1):3–14 Wolff and Vann • Cognitive Thalamus as Gateway to Mental Representations
Goldberg JH, Farries MA, Fee MS (2013) Basal ganglia output to the thala-
mus: still a paradox. Trends Neurosci 36:695–705. CrossRef Medline
Groenewegen HJ (1988) Organization of the afferent connections of the
mediodorsal thalamic nucleus in the rat, related to the mediodorsal-
prefrontal topography. Neuroscience 24:379–431. CrossRef Medline
Gudden H (1896) Klinische und anatomische Beitrage zur Kenntnis der
multiplen Alkoholneuritis nebst Bernerkungen uber die Regenerations-
vorgange im peripheren Nervensystem. Arch Psychiatr 28:643–741.
Guo W, Clause AR, Barth-Maron A, Polley DB (2017a) A corticothalamic
circuit for dynamic switching between feature detection and discrimina-
tion. Neuron 95:180–194.e5. CrossRef Medline
Guo ZV, Inagaki HK, Daie K, Druckmann S, Gerfen CR, Svoboda K (2017b)
Maintenance of persistent activity in a frontal thalamocortical loop. Na-
ture 545:181–186. CrossRef Medline
Haber SN, Calzavara R (2009) The cortico-basal ganglia integrative net-
work: the role of the thalamus. Brain Res Bull 78:69–74. CrossRef
Medline
Halassa MM, Acsa´dy L (2016) Thalamic inhibition: diverse sources, diverse
scales. Trends Neurosci 39:680–693. CrossRef Medline
Halassa MM, Kastner S (2017) Thalamic functions in distributed cognitive
control. Nat Neurosci 20:1669–1679. CrossRef Medline
Hallock HL, Wang A, Shaw CL, Griffin AL (2013) Transient inactivation of
the thalamic nucleus reuniens and rhomboid nucleus produces deficits of
a working-memory dependent tactile-visual conditional discrimination
task. Behav Neurosci 127:860–866. CrossRef Medline
Hallock HL,Wang A, Griffin AL (2016) Ventral midline thalamus is critical
for hippocampal-prefrontal synchrony and spatial working memory.
J Neurosci 36:8372–8389. CrossRef Medline
Han J, Lee JH, Kim MJ, Jung MW (2013) Neural activity in mediodorsal
nucleus of thalamus in rats performing a working memory task. Front
Neural Circuits 7:128. CrossRef Medline
Harding A, Halliday G, Caine D, Kril J (2000) Degeneration of anterior
thalamic nuclei differentiates alcoholics with amnesia. Brain 123:141–
154. CrossRef Medline
HooverWB, Vertes RP (2012) Collateral projections from nucleus reuniens
of thalamus to hippocampus and medial prefrontal cortex in the rat: a
single and double retrograde fluorescent labeling study. Brain Struct
Funct 217:191–209. CrossRef Medline
Hunkin NM, Parkin AJ, Longmore BE (1994) Aetiological variation in the
amnesic syndrome: comparisons using the list discrimination task. Neu-
ropsychologia 32:819–825. CrossRef Medline
Hunt PR, Aggleton JP (1991) Medial dorsal thalamic lesions and working
memory in the rat. Behav Neural Biol 55:227–246. CrossRef Medline
Hunt PR, Aggleton JP (1998a) Neurotoxic lesions of the dorsomedial thal-
amus impair the acquisition but not the performance of delayedmatching
to place by rats: a deficit in shifting response rules. J Neurosci 18:10045–
10052. CrossRef Medline
Hunt PR, Aggleton JP (1998b) An examination of the spatial workingmem-
ory deficit following neurotoxic medial dorsal thalamic lesions in rats.
Behav Brain Res 97:129–141. CrossRef Medline
Ito HT, Zhang SJ, Witter MP, Moser EI, Moser MB (2015) A prefrontal-
thalamo-hippocampal circuit for goal-directed spatial navigation. Nature
522:50–55. CrossRef Medline
IzquierdoA,Murray EA (2010) Functional interaction ofmedialmediodor-
sal thalamic nucleus but not nucleus accumbens with amygdala and or-
bital prefrontal cortex is essential for adaptive response selection after
reinforcer devaluation. J Neurosci 30:661–669. CrossRef Medline
Jagtap P, Diwadkar VA (2016) Effective connectivity of ascending and de-
scending frontalthalamic pathways during sustained attention: complex
brain network interactions in adolescence. Hum Brain Mapp 37:2557–
2570. CrossRef Medline
JankowskiMM, Ronnqvist KC, TsanovM, Vann SD,WrightNF, Erichsen JT,
Aggleton JP, O’Mara SM (2013) The anterior thalamus provides a sub-
cortical circuit supporting memory and spatial navigation. Front Syst
Neurosci 7:45. CrossRef Medline
Jankowski MM, Passecker J, Islam MN, Vann S, Erichsen JT, Aggleton JP,
O’Mara SM (2015) Evidence for spatially-responsive neurons in the ros-
tral thalamus. Front Behav Neurosci 9:256. CrossRef Medline
Jenkins TA, Dias R, Amin E, Brown MW, Aggleton JP (2002) Fos imaging
reveals that lesions of the anterior thalamic nuclei produce widespread
limbic hypoactivity in rats. J Neurosci 22:5230–5238. CrossRef Medline
Jones EG (1998) Viewpoint: the core and matrix of thalamic organization.
Neuroscience 85:331–345. CrossRef Medline
Kapur N (1994) The mammillary bodies revisited: their role in human
memory functioning. In: Neuropsychological explorations of memory
and cognition: essays in honor of Nelson Butters. Critical issues in neu-
ropsychology (Cermak LS, ed), pp 159–189. New York: Plenum.
Karlsen AS, Korbo S, Uylings HB, Pakkenberg B (2014) A stereological
study of the mediodorsal thalamic nucleus in down syndrome. Neurosci-
ence 279:253–259. CrossRef Medline
Kato S, Kuramochi M, Kobayashi K, Fukabori R, Okada K, Uchigashima M,
Watanabe M, Tsutsui Y, Kobayashi K (2011) Selective neural pathway
targeting reveals key roles of thalamostriatal projection in the control of
visual discrimination. J Neurosci 31:17169–17179. CrossRef Medline
Kato S, Fukabori R, Nishizawa K, Okada K, Yoshioka N, Sugawara M, Mae-
jima Y, Shimomura K, Okamoto M, Eifuku S, Kobayashi K (2018) Ac-
tion selection and flexible switching controlled by the intralaminar
thalamic neurons. Cell Rep 22:2370–2382. CrossRef Medline
Kocsis B, Di Prisco GV, Vertes RP (2001) Theta synchronization in the lim-
bic system: the role of Gudden’s tegmental nuclei. Eur J Neurosci 13:381–
388. CrossRef Medline
KopelmanMD,ThomsonAD,Guerrini I,Marshall EJ (2009) TheKorsakoff
syndrome: clinical aspects, psychology and treatment. Alcohol Alcohol
44:148–154. CrossRef Medline
Kuramoto E, Iwai H, Yamanaka A, Ohno S, Seki H, Tanaka YR, Furuta T,
Hioki H, Goto T (2017a) Dorsal and ventral parts of thalamic nucleus
submedius project to different areas of rat orbitofrontal cortex: a single
neuron-tracing study using virus vectors. J CompNeurol 525:3821–3839.
CrossRef Medline
Kuramoto E, Pan S, Furuta T, Tanaka YR, Iwai H, Yamanaka A, Ohno S,
Kaneko T, Goto T, Hioki H (2017b) Individual mediodorsal thalamic
neurons project to multiple areas of the rat prefrontal cortex: a single
neuron-tracing study using virus vectors. J Comp Neurol 525:166–185.
CrossRef Medline
Laurens J, Kim B, Dickman JD, Angelaki DE (2016) Gravity orientation
tuning in macaque anterior thalamus. Nat Neurosci 19:1566–1568.
CrossRef Medline
Law LM, SmithDM (2012) The anterior thalamus is critical for overcoming
interference in a context-dependent odor discrimination task. Behav
Neurosci 126:710–719. CrossRef Medline
Leung BK, Balleine BW (2015) Ventral pallidal projections to mediodorsal
thalamus and ventral tegmental area play distinct roles in outcome-
specific pavlovian-instrumental transfer. J Neurosci 35:4953–4964.
CrossRef Medline
Li L, Ebner FF (2016) Cortex dynamically modulates responses of thalamic
relay neurons through prolonged circuit-level disinhibition in rat thala-
mus in vivo. J Neurophysiol 116:2368–2382. CrossRef Medline
Liebermann D, Ploner CJ, Kraft A, Kopp UA, Ostendorf F (2013) A dysex-
ecutive syndrome of the medial thalamus. Cortex 49:40–49. CrossRef
Medline
Linley SB, Gallo MM, Vertes RP (2016) Lesions of the ventral midline thal-
amus produce deficits in reversal learning and attention on an odor tex-
ture set shifting task. Brain Res 1649:110–122. CrossRef Medline
LoukavenkoEA,OttleyMC,Moran JP,WolffM,Dalrymple-Alford JC (2007) To-
wards therapy to relieve memory impairment after anterior thalamic lesions:
improved spatial working memory after immediate and delayed postoperative
enrichment. Eur JNeurosci 26:3267–3276.CrossRefMedline
Loukavenko EA, Wolff M, Poirier GL, Dalrymple-Alford JC (2016) Im-
paired spatial working memory after anterior thalamic lesions: recovery
with cerebrolysin and enrichment. Brain Struct Funct 221:1955–1970.
CrossRef Medline
Loureiro M, Cholvin T, Lopez J, Merienne N, Latreche A, Cosquer B, Geiger
K, Kelche C, Cassel JC, Pereira de Vasconcelos A (2012) The ventral
midline thalamus (reuniens and rhomboid nuclei) contributes to the per-
sistence of spatial memory in rats. J Neurosci 32:9947–9959. CrossRef
Medline
Man K, Kaplan J, Damasio H, Damasio A (2013) Neural convergence and
divergence in the mammalian cerebral cortex: from experimental neuro-
anatomy to functional neuroimaging. J Comp Neurol 521:4097–4111.
CrossRef Medline
Marchand A, Fauge`re A, Coutureau E, Wolff M (2014) A role for anterior
thalamic nuclei in contextual fear memory. Brain Struct Funct 219:1575–
1586. CrossRef Medline
Wolff and Vann • Cognitive Thalamus as Gateway to Mental Representations J. Neurosci., January 2, 2019 • 39(1):3–14 • 11
Markov NT, Ercsey-Ravasz M, Van Essen DC, Knoblauch K, Toroczkai Z,
Kennedy H (2013) Cortical high-density counterstream architectures.
Science 342:1238406. CrossRef Medline
Marton T, Seifikar H, Luongo FJ, Lee AT, Sohal VS (2018) Roles of prefron-
tal cortex and mediodorsal thalamus in task engagement and behavioral
flexibility. J Neurosci. Advance online publication. Retrieved Feb. 7, 2018.
doi: 10.1523/JNEUROSCI.1728–17.2018. CrossRef Medline
Mathiasen ML, Dillingham CM, Kinnavane L, Powell AL, Aggleton JP
(2017) Asymmetric cross-hemispheric connections link the rat anterior
thalamic nuclei with the cortex and hippocampal formation. Neurosci-
ence 349:128–143. CrossRef Medline
McCormick DA, von Krosigk M (1992) Corticothalamic activation modu-
lates thalamic firing through glutamate “metabotropic” receptors. Proc
Natl Acad Sci U S A 89:2774–2778. CrossRef Medline
McKenna JT, Vertes RP (2004) Afferent projections to nucleus reuniens of
the thalamus. J Comp Neurol 480:115–142. CrossRef Medline
Mease RA, Krieger P, Groh A (2014) Cortical control of adaptation and
sensory relay mode in the thalamus. Proc Natl Acad Sci U S A 111:6798–
6803. CrossRef Medline
Mendez-Lopez M, Arias JL, Bontempi B, Wolff M (2013) Reduced cyto-
chrome oxidase activity in the retrosplenial cortex after lesions to the
anterior thalamic nuclei. Behav Brain Res 250C:264–273. CrossRef
Medline
Miller RL, Francoeur MJ, Gibson BM, Mair RG (2017) Mediodorsal tha-
lamic neurons mirror the Activity of Medial Prefrontal Neurons Re-
sponding to Movement and Reinforcement during a Dynamic DNMTP
Task. eNeuro 4:ENEURO.0196–17.2017. CrossRef Medline
Mitchell AS (2015) The mediodorsal thalamus as a higher order thalamic
relay nucleus important for learning and decision-making. Neurosci
Biobehav Rev 54:76–88. CrossRef Medline
Mitchell AS, Chakraborty S (2013) What does the mediodorsal thalamus
do? Front Syst Neurosci 7:37. CrossRef Medline
Mitchell AS, Dalrymple-Alford JC (2005) Dissociable memory effects after
medial thalamus lesions in the rat. Eur J Neurosci 22:973–985. CrossRef
Medline
Mitchell AS, Dalrymple-Alford JC (2006) Lateral and anterior thalamic le-
sions impair independent memory systems. Learn Mem 13:388–396.
CrossRef Medline
Mitchell AS, Dalrymple-Alford JC, Christie MA (2002) Spatial working
memory and the brainstem cholinergic innervation to the anterior thala-
mus. J Neurosci 22:1922–1928. CrossRef Medline
Mitchell AS, Browning PG, Baxter MG (2007) Neurotoxic lesions of the
medial mediodorsal nucleus of the thalamus disrupt reinforcer devalua-
tion effects in rhesus monkeys. J Neurosci 27:11289–11295. CrossRef
Medline
Moreau PH, Tsenkina Y, Lecourtier L, Lopez J, Cosquer B, Wolff M,
Dalrymple-Alford J, Cassel JC (2013) Lesions of the anterior thalamic
nuclei and intralaminar thalamic nuclei: place and visual discrimination
learning in the water maze. Brain Struct Funct 218:657–667. CrossRef
Medline
MurphyMJ, Deutch AY (2018) Organization of afferents to the orbitofron-
tal cortex in the rat. J Comp Neurol 526:1498–1526. CrossRef Medline
Murray Sherman S (2018) My prolonged collaboration with Ray Guillery.
Eur J Neurosci. Advance online publication. Retrieved Feb. 7, 2018. doi:
10.1111/ejn.13903. CrossRef Medline
Nakajima M, Halassa MM (2017) Thalamic control of functional cortical
connectivity. Curr Opin Neurobiol 44:127–131. CrossRef Medline
NakayamaH, Iban˜ez-Tallon I,HeintzN (2018) Cell-type-specific contribu-
tions of medial prefrontal neurons to flexible behaviors. J Neurosci 38:
4490–4504. CrossRef Medline
Neave N, Sahgal A, Aggleton JP (1993) Lack of effect of dorsomedial tha-
lamic lesions on automated tests of spatialmemory in the rat. Behav Brain
Res 55:39–49. CrossRef Medline
Ne´gyessy L, Ha´mori J, Bentivoglio M (1998) Contralateral cortical projec-
tion to the mediodorsal thalamic nucleus: origin and synaptic organiza-
tion in the rat. Neuroscience 84:741–753. CrossRef Medline
NelsonAJ, Vann SD (2014) Mammilliothalamic tract lesions disrupt tests of
visuo-spatial memory. Behav Neurosci 128:494–503. CrossRef Medline
Nelson AJD, Vann SD (2017) The importance of mammillary body effer-
ents for recency memory: towards a better understanding of diencephalic
amnesia. Brain Struct Funct 222:2143–2156. CrossRef Medline
Ostlund SB, Balleine BW (2008) Differential involvement of the basolateral
amygdala and mediodorsal thalamus in instrumental action selection.
J Neurosci 28:4398–4405. CrossRef Medline
Otis JM, Namboodiri VM, Matan AM, Voets ES, Mohorn EP, Kosyk O,
McHenry JA, Robinson JE, Resendez SL, Rossi MA, Stuber GD (2017)
Prefrontal cortex output circuits guide reward seeking through divergent
cue encoding. Nature 543:103–107. CrossRef Medline
Ouhaz Z, Fleming H,Mitchell AS (2018) Cognitive functions and neurode-
velopmental disorders involving the prefrontal cortex and mediodorsal
thalamus. Front Neurosci 12:33. CrossRef Medline
Ozyurt J, Lorenzen A, Gebhardt U,Warmuth-Metz M,Mu¨ller HL, Thiel CM
(2014) Remote effects of hypothalamic lesions in the prefrontal cortex of
craniopharygioma patients. Neurobiol Learn Mem 111:71–80. CrossRef
Medline
Padberg J, Cerkevich C, Engle J, Rajan AT, Recanzone G, Kaas J, Krubitzer L
(2009) Thalamocortical connections of parietal somatosensory cortical
fields in macaque monkeys are highly divergent and convergent. Cereb
Cortex 19:2038–2064. CrossRef Medline
Parker A, Gaffan D (1997) The effect of anterior thalamic and cingulate
cortex lesions on object-in-placememory inmonkeys. Neuropsychologia
35:1093–1102. CrossRef Medline
Parnaudeau S, O’Neill PK, Bolkan SS, Ward RD, Abbas AI, Roth BL, Balsam
PD, Gordon JA, Kellendonk C (2013) Inhibition of mediodorsal thala-
mus disrupts thalamofrontal connectivity and cognition. Neuron 77:
1151–1162. CrossRef Medline
Parnaudeau S, Taylor K, Bolkan SS, Ward RD, Balsam PD, Kellendonk C
(2015) Mediodorsal thalamus hypofunction impairs flexible goal-
directed behavior. Biol Psychiatry 77:445–453. CrossRef Medline
Parnaudeau S, Bolkan SS, Kellendonk C (2018) The mediodorsal thalamus:
an essential partner of the prefrontal cortex for cognition. Biol Psychiatry
83:648–656. CrossRef Medline
Pereira de Vasconcelos A, Cassel JC (2015) The nonspecific thalamus: a
place in a wedding bed formakingmemories last? Neurosci Biobehav Rev
54:175–196. CrossRef Medline
Pergola G, Danet L, Pitel AL, Carlesimo GA, Segobin S, Pariente J, Suchan B,
Mitchell AS, Barbeau EJ (2018) The regulatory role of the humanmedi-
odorsal thalamus. Trends Cogn Sci 22:1011–1025. CrossRef Medline
Perry JC, Pakkenberg B, Vann SD (2018) Striking reduction in neurons and
glial cells in anterior thalamic nuclei of older patients with Down’s syn-
drome. bioRxiv 449678. doi: https://doi.org/10.1101/449678.
Petrof I, Sherman SM (2009) Synaptic properties of the mammillary and
cortical afferents to the anterodorsal thalamic nucleus in the mouse.
J Neurosci 29:7815–7819. CrossRef Medline
Pinault D (2004) The thalamic reticular nucleus: structure, function and
concept. Brain Res Brain Res Rev 46:1–31. CrossRef Medline
Pinault D (2011) Dysfunctional thalamus-related networks in schizophre-
nia. Schizophr Bull 37:238–243. CrossRef Medline
Powell AL, Nelson AJ, Hindley E, Davies M, Aggleton JP, Vann SD (2017)
The rat retrosplenial cortex as a link for frontal functions: a lesion analysis.
Behav Brain Res 335:88–102. CrossRef Medline
Prasad JA, Abela AR, Chudasama Y (2017) Midline thalamic reuniens le-
sions improve executive behaviors. Neuroscience 345:77–88. CrossRef
Medline
Preuss TM, Goldman-Rakic PS (1987) Crossed corticothalamic and
thalamocortical connections of macaque prefrontal cortex. J Comp Neu-
rol 257:269–281. CrossRef Medline
Ramos RT (2014) The concepts of representation and information in ex-
planatory theories of human behavior. Front Psychol 5:1034. CrossRef
Medline
Reed LJ, LassersonD,Marsden P, Stanhope N, Stevens T, Bello F, Kingsley D,
Colchester A, Kopelman MD (2003) FDG-PET findings in the
Wernicke-Korsakoff syndrome. Cortex 39:1027–1045. CrossRef Medline
Rikhye RV,Wimmer RD,HalassaMM (2018) Toward an integrative theory
of thalamic function. Annu Rev Neurosci 41:163–183. CrossRef Medline
Rubio-Garrido P, Pe´rez-de-Manzo F, Porrero C, GalazoMJ, Clasca´ F (2009)
Thalamic input to distal apical dendrites in neocortical layer 1 is massive
and highly convergent. Cereb Cortex 19:2380–2395. CrossRef Medline
Salay LD, Ishiko N, Huberman AD (2018) Amidline thalamic circuit deter-
mines reactions to visual threat. Nature 557:183–189. CrossRef Medline
Satoh K, Fibiger HC (1986) Cholinergic neurons of the laterodorsal teg-
mental nucleus: efferent and afferent connections. J Comp Neurol 253:
277–302. CrossRef Medline
Saund J, Dautan D, Rostron C, Urcelay GP, Gerdjikov TV (2017) Thalamic
12 • J. Neurosci., January 2, 2019 • 39(1):3–14 Wolff and Vann • Cognitive Thalamus as Gateway to Mental Representations
inputs to dorsomedial striatum are involved in inhibitory control: evi-
dence from the five-choice serial reaction time task in rats. Psychophar-
macology (Berl) 234:2399–2407. CrossRef Medline
Schepers IM, Beck AK, Bra¨uer S, Schwabe K, Abdallat M, Sandmann P,
Dengler R, Rieger JW, Krauss JK (2017) Human centromedian-
parafascicular complex signals sensory cues for goal-oriented behavior
selection. Neuroimage 152:390–399. CrossRef Medline
Schmitt LI, Wimmer RD, Nakajima M, Happ M, Mofakham S, Halassa MM
(2017) Thalamic amplification of cortical connectivity sustains atten-
tional control. Nature 545:219–223. CrossRef Medline
Scoville WB, Milner B (2000) Loss of recent memory after bilateral hip-
pocampal lesions: 1957. J Neuropsychiatry Clin Neurosci 12:103–113.
CrossRef Medline
Seifert S, von Cramon DY, Imperati D, Tittgemeyer M, Ullsperger M (2011)
Thalamocingulate interactions in performance monitoring. J Neurosci
31:3375–3383. CrossRef Medline
Shaw C, Aggleton JP (1995) Evidence for the independence of recognition
and recency memory in amnesic subjects. Cortex 31:57–71. CrossRef
Medline
Sherman SM (2005) Thalamic relays and cortical functioning. Prog Brain
Res 149:107–126. CrossRef Medline
Sherman SM (2012) Thalamocortical interactions. Curr Opin Neurobiol
22:575–579. CrossRef Medline
Sherman SM (2016) Thalamus plays a central role in ongoing cortical func-
tioning. Nat Neurosci 16:533–541. CrossRef Medline
Sherman SM, Guillery RW (1996) Functional organization of thalamocor-
tical relays. J Neurophysiol 76:1367–1395. CrossRef Medline
Somogyi G, Hajdu F, To¨mbo¨l T, Madarasz M (1978) Limbic projections to
the cat thalamus: a horseradish peroxidase study. Acta Anat (Basel) 102:
68–73. CrossRef Medline
Stillova K, Jurak P, Chladek J, Chrastina J, Halamek J, Bockova M, Golde-
mundova S, Riha I, Rektor I (2015) The role of anterior nuclei of the
thalamus: a subcortical gate in memory processing. An intracerebral re-
cording study. PLoS One 10:e0140778. CrossRef Medline
Stokes KA, Best PJ (1990) Mediodorsal thalamic lesions impair “reference”
and “working” memory in rats. Physiol Behav 47:471–476. CrossRef
Medline
Sweeney-Reed CM, Zaehle T, Voges J, Schmitt FC, Buentjen L, Kopitzki K,
Esslinger C, Hinrichs H, Heinze HJ, Knight RT, Richardson-Klavehn A
(2014) Corticothalamic phase synchrony and cross-frequency coupling
predict human memory formation. eLife 3:e05352. CrossRef Medline
Sziklas V, Petrides M (2000) Selectivity of the spatial learning deficit after
lesions of the mammillary region in rats. Hippocampus 10:325–328.
CrossRef Medline
Taube JS (1995) Head direction cells recorded in the anterior thalamic nu-
clei of freely moving rats. J Neurosci 15:70–86. CrossRef Medline
Taube JS (2007) The head direction signal: origins and sensory-motor inte-
gration. Annu Rev Neurosci 30:181–207. CrossRef Medline
Timbie C, Barbas H (2015) Pathways for emotions: specializations in the
amygdalar, mediodorsal thalamic, and posterior orbitofrontal network.
J Neurosci 35:11976–11987. CrossRef Medline
Tolman EC (1948) Cognitive maps in rats and men. Psychol Rev 55:189–
208. CrossRef Medline
Tononi G, Edelman GM (1998) Consciousness and complexity. Science
282:1846–1851. CrossRef Medline
Tononi G, Edelman GM, Sporns O (1998) Complexity and coherency: in-
tegrating information in the brain. Trends Cogn Sci 2:474–484. CrossRef
Medline
Tsanov M, Vann SD, Erichsen JT, Wright N, Aggleton JP, O’Mara SM
(2011a) Differential regulation of synaptic plasticity of the hippocampal
and the hypothalamic inputs to the anterior thalamus. Hippocampus
21:1–8. CrossRef Medline
TsanovM,Chah E, Vann SD, Reilly RB, Erichsen JT, Aggleton JP, O’Mara SM
(2011b) Theta-modulated head direction cells in the rat anterior thala-
mus. J Neurosci 31:9489–9502. CrossRef Medline
Uhlhaas PJ, Roux F, SingerW (2013) Thalamocortical synchronization and
cognition: implications for schizophrenia? Neuron 77:997–999. CrossRef
Medline
UllspergerM, Danielmeier C, JochamG (2014) Neurophysiology of perfor-
mance monitoring and adaptive behavior. Physiol Rev 94:35–79.
CrossRef Medline
Usrey WM, Sherman SM (2018) Corticofugal circuits: communication
lines from the cortex to the rest of the brain. J Comp Neurol. Advance
online publication. Retrieved Mar. 10, 2018. doi: 10.1002/cne.24423.
CrossRef Medline
Vann SD (2009) Gudden’s ventral tegmental nucleus is vital for memory:
re-evaluating diencephalic inputs for amnesia. Brain 132:2372–2384.
CrossRef Medline
Vann SD (2013) Dismantling the Papez circuit for memory in rats. eLife
2:e00736. CrossRef Medline
Vann SD, Aggleton JP (2003) Evidence of a spatial encoding deficit in rats
with lesions of themammillary bodies ormammillothalamic tract. J Neu-
rosci 23:3506–3514. CrossRef Medline
Vann SD, Albasser MM (2009) Hippocampal, retrosplenial, and prefrontal
hypoactivity in a model of diencephalic amnesia: evidence towards an
interdependent subcortical-cortical memory network. Hippocampus 19:
1090–1102. CrossRef Medline
Vann SD, Nelson AJ (2015) The mammillary bodies and memory: more
than a hippocampal relay. Prog Brain Res 219:163–185. CrossRefMedline
Varela C (2014) Thalamic neuromodulation and its implications for execu-
tive networks. Front Neural Circuits 8:69. CrossRef Medline
Varela C, Kumar S, Yang JY, Wilson MA (2014) Anatomical substrates for
direct interactions between hippocampus, medial prefrontal cortex, and
the thalamic nucleus reuniens. Brain Struct Funct 219:911–929. CrossRef
Medline
Vertes RP (2015) Major diencephalic inputs to the hippocampus: supra-
mammillary nucleus and nucleus reuniens. circuitry and function. Prog
Brain Res 219:121–144. CrossRef Medline
Vertes RP, Hoover WB, Do Valle AC, Sherman A, Rodriguez JJ (2006) Ef-
ferent projections of reuniens and rhomboid nuclei of the thalamus in the
rat. J Comp Neurol 499:768–796. CrossRef Medline
VetereG,Kenney JW,Tran LM,Xia F, SteadmanPE, Parkinson J, Josselyn SA,
Frankland PW (2017) Chemogenetic Interrogation of a brain-wide fear
memory network in mice. Neuron 94:363–374.e4. CrossRef Medline
Victor M, Adams R, Collins G (1971) The Wernicke–Korsakoff syndrome.
Philadelphia: Davis.
Viena TD, Linley SB, Vertes RP (2018) Inactivation of nucleus reuniens
impairs spatial workingmemory and behavioral flexibility in the rat. Hip-
pocampus 28:297–311. CrossRef Medline
Vogt BA, Gabriel M (1993) Neurobiology of cingulate cortex and limbic
thalamus. Boston: Birkha¨user.
Warburton EC, Aggleton JP (1999) Differential deficits in the Morris water
maze following cytotoxic lesions of the anterior thalamus and fornix tran-
section. Behav Brain Res 98:27–38. CrossRef Medline
Warburton EC, Baird AL, Aggleton JP (1997) Assessing the magnitude of
the allocentric spatial deficit associated with complete loss of the anterior
thalamic nuclei in rats. Behav Brain Res 87:223–232. CrossRef Medline
Warburton EC, Baird AL, Morgan A, Muir JL, Aggleton JP (2000) Discon-
necting hippocampal projections to the anterior thalamus produces def-
icits on tests of spatial memory in rats. Eur J Neurosci 12:1714–1726.
CrossRef Medline
Warrington EK, Weiskrantz L (1982) Amnesia: a disconnection syndrome?
Neuropsychologia 20:233–248. CrossRef Medline
Watanabe Y, Funahashi S (2012) Thalamic mediodorsal nucleus and work-
ing memory. Neurosci Biobehav Rev 36:134–142. CrossRef Medline
Wicker E, Turchi J, Malkova L, Forcelli PA (2018) Mediodorsal thalamus is
required for discrete phases of goal-directed behavior in macaques. eLife
7:e37325. CrossRef Medline
WilsonCR,GaffanD, Browning PG, BaxterMG (2010) Functional localiza-
tion within the prefrontal cortex: missing the forest for the trees? Trends
Neurosci 33:533–540. CrossRef Medline
Wilson RC, Takahashi YK, SchoenbaumG,Niv Y (2014) Orbitofrontal cor-
tex as a cognitive map of task space. Neuron 81:267–279. CrossRef
Medline
Wilton LA, Baird AL, Muir JL, Honey RC, Aggleton JP (2001) Loss of the
thalamic nuclei for “head direction” impairs performance on spatial
memory tasks in rats. Behav Neurosci 115:861–869. CrossRef Medline
Wimmer RD, Schmitt LI, Davidson TJ, Nakajima M, Deisseroth K, Halassa
MM (2015) Thalamic control of sensory selection in divided attention.
Nature 526:705–709. CrossRef Medline
Wolff M, Gibb SJ, Dalrymple-Alford JC (2006) Beyond spatial memory: the
anterior thalamus and memory for the temporal order of a sequence of
odor cues. J Neurosci 26:2907–2913. CrossRef Medline
Wolff M, Loukavenko EA, Will BE, Dalrymple-Alford JC (2008a) The ex-
Wolff and Vann • Cognitive Thalamus as Gateway to Mental Representations J. Neurosci., January 2, 2019 • 39(1):3–14 • 13
tended hippocampal-diencephalic memory system: enriched housing
promotes recovery of the flexible use of spatial representations after an-
terior thalamic lesions. Hippocampus 18:996–1007. CrossRef Medline
WolffM, Gibb SJ, Cassel JC, Dalrymple-Alford JC (2008b) Anterior but not
intralaminar thalamic nuclei support allocentric spatial memory. Neuro-
biol Learn Mem 90:71–80. CrossRef Medline
Wolff M, Alcaraz F, Marchand AR, Coutureau E (2015a) Functional heter-
ogeneity of the limbic thalamus: from hippocampal to cortical functions.
Neurosci Biobehav Rev 54:120–130. CrossRef Medline
Wolff M, Fauge`re A, Desfosses E´, Coutureau E´, Marchand AR (2015b) Me-
diodorsal but not anterior thalamic nuclei lesions impair acquisition of a
conditional discrimination task. Neurobiol Learn Mem 125:80–84.
CrossRef Medline
Wright NF, Vann SD, Aggleton JP, Nelson AJ (2015) A critical role for the
anterior thalamus in directing attention to task-relevant stimuli. J Neu-
rosci 35:5480–5488. CrossRef Medline
Xu W, Su¨dhof TC (2013) A neural circuit for memory specificity and gen-
eralization. Science 339:1290–1295. CrossRef Medline
Yamanaka K, Hori Y, Minamimoto T, Yamada H, Matsumoto N, Enomoto
K, Aosaki T, Graybiel AM, Kimura M (2018) Roles of centromedian
parafascicular nuclei of thalamus and cholinergic interneurons in the
dorsal striatum in associative learning of environmental events. J Neural
Transm (Vienna) 125:501–513. CrossRef Medline
Yoshida A, Dostrovsky JO, Chiang CY (1992) The afferent and efferent con-
nections of the nucleus submedius in the rat. J Comp Neurol 324:115–
133. CrossRef Medline
ZakowskiW, Zawistowski P, Braszka L, Jurkowlaniec E (2017) The effect of
pharmacological inactivation of the mammillary body and anterior tha-
lamic nuclei on hippocampal theta rhythm in urethane-anesthetized rats.
Neuroscience 362:196–205. CrossRef Medline
Zhou T, Zhu H, Fan Z, Wang F, Chen Y, Liang H, Yang Z, Zhang L, Lin L,
Zhan Y, Wang Z, Hu H (2017) History of winning remodels thalamo-
PFC circuit to reinforce social dominance. Science 357:162–168. CrossRef
Medline
Zikopoulos B, BarbasH (2007) Circuits formultisensory integration and atten-
tional modulation through the prefrontal cortex and the thalamic reticular
nucleus in primates. Rev Neurosci 18:417–438. CrossRefMedline
14 • J. Neurosci., January 2, 2019 • 39(1):3–14 Wolff and Vann • Cognitive Thalamus as Gateway to Mental Representations
